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Discontinuity between the Voltage-Sensor and the Pore Domain does not
Abolish Voltage-Gating of Kv10.1 Potassium Channel
Adam P. Tomczak, Eva Lo¨rinczi, Juan Camilo Gomez-Posada,
Walter Stu¨hmer, Luis A. Pardo.
Molecular Biology of Neuronal Signals, Max Planck Institute of
Experimental Medicine, Go¨ttingen, Germany.
Voltage-gating of ion channels is crucial for excitable tissues, such as nerve
and muscle. Here we show that a voltage-gated potassium channel retains its
voltage-dependency of activation, even when the voltage sensor and the pore
domain are expressed as two individual proteins from separate cRNAs in Xen-
opus laevis oocytes. Not only interrupting the S4-S5 cytoplasmic linker at
various positions, but also concomitant deletion of several consecutive amino
acids from this region yielded functional channels. Moreover, mutations of
the voltage-sensor that shift the conductance-voltage curve in either hyperpola-
rizing or depolarizing direction cause the same shift when the S4-S5 linker is
disrupted. Detailed characterization of how the location of discontinuity affects
the voltage and time-dependence of activation and deactivation of the split con-
structs sheds new light on the coupling between the voltage-sensing module
and the channel gate.
Our findings indicate that an intact S4-S5 linker is not a sine qua non condition
for voltage gating in Kv10.1. In consequence, the idea of direct mechanical
coupling between the voltage sensor and the pore mediated by the S4-S5 linker
needs to be revised, at least for the KNCH-family channels, which may have a
different gating mechanism than Shaker.
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Two KCNQ1 Mutations Associated with Familial Atrial Fibrillation,
S140G and V141M, Demonstrate Distinct Voltage Sensor Phenotypes
Gary Peng1, Kevin J. Sampson1, Rene Barro-Soria2, H. Peter Larsson2,
Robert S. Kass1.
1Columbia University, New York, NY, USA, 2University of Miami, Miami,
FL, USA.
KCNQ1 is a voltage-dependent potassium channel that is expressed in the heart
with the b-subunit KCNE1 to generate the slowly activating IKs current that
plays a critical role in cardiac impulse conduction by allowing cardiac repolar-
ization. Mutations in KCNQ1 leading to slowing of channel deactivation have
been linked to arrhythmias including Short QT syndrome and familial atrial
fibrillation. Two adjacent disease-linked mutations located in the voltage
sensing domain (S1-S4) of KCNQ1, S140G and V141M, have been shown to
drastically slow current deactivation. While their effects on IKs current deacti-
vation kinetics are similar, their mechanisms may differ. For example, in the
absence of KCNE1, S140G but not V141M slows current deactivation. More-
over, crosslinking studies suggest that while V141M can directly interact with
KCNE1, S140G cannot. We explore the hypothesis that S140G and V141M,
while exhibiting similar effects in IKs current gating, demonstrate distinct phe-
notypes on voltage sensor movement. Using voltage clamp fluorometry, we
studied voltage sensor movement simultaneously with channel current. We
found that in the absence of KCNE1, S140G but not V141M slows voltage
sensor deactivation, consistent with their effects on current. Furthermore, in
the presence of KCNE1, S140G slows voltage sensor movement, but V141M
does not slow voltage sensor deactivation. This work shows that while
S140G slows both the current deactivation and voltage sensor movement in
the presence and absence of KCNE1, in contrast, V141M slows current deac-
tivation only in the presence of KCNE1, without significantly slowing the
kinetics of voltage sensor movement. This suggests that these two mutations
slow the deactivation of KCNQ1/KCNE1 channels by different mechanisms,
an observation made possible by the simultaneous measurement of both voltage
sensor movement and channel current.
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Molecular Determinants of Voltage Sensor Domain Activation
Lucie Delemotte1, Vincenzo Carnevale1, Michael L Klein1,
Marina A. Kasimova2, Mounir Tarek2.
1Chemistry, Temple University, Philadelphia, PA, USA, 2Chemistry,
Universite de Lorraine, Nancy, France.
The voltage sensor domain (VSD) is a four transmembrane segments protein
domain that confers voltage sensitivity to ion channels and other proteins.
The VSD senses changes in the external potential through its highly positively
charged fourth transmembrane segment (S4). The activation mechanism in-
volves a complex, helical screw motion of S4 during which the salt bridge
pattern between the S4 arginines and the negative charges of S1-S3 and of
the lipid headgroups reorganizes. Together, this ratchet-like motion brings
the VSD from the resting to the activated state in a series of jumps that proceed
through several intermediate states. We use molecular dynamics simulationsand free energy calculations to characterize the free energy landscape and
the kinetic rates associated with the different steps of the activation process.
To highlight the molecular determinants of this complex conformational tran-
sition, we apply techniques of machine learning and data analysis. Specifically,
a custom-tailored dimensionality reduction approach is used to extract the rele-
vant degrees of freedom describing the concerted motion of protein residues,
lipids and waters.
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Role of the Voltage Sensing Domain S1-S4 in TRPV1 Channels
Juan Zhao1, Rikard Blunck2.
1Departments of Physics and Physiology,, Groupe d’E´tude des Prote´ines
Membranaires (GE´PROM), Universite´ de Montre´al, Montreal, QC, Canada,
2Department of Physics and Physiology,, Groupe d’E´tude des Prote´ines
Membranaires (GE´PROM), Universite´ de Montre´al, Montre´al, QC, Canada.
Transient Receptor Potential Vallinoid type 1 (TRPV1) channel is a voltage-,
heat-, and ligand-activated, nonselective cation channel. As a member of hex-
ahelical cation channel superfamily, TRPV1 does not feature the positively
charged S4, which is responsible for the voltage sensitivity of voltage-gated
ion channels (VGICs). The origin for TRPV1’s voltage sensitivity must lie else-
where. The objective of this study was to investigate the role of ‘‘classical’’
S1-S4 voltage sensor, in particular S4, in the TRPV1, and obtain molecular in-
formation about the functional coupling between voltage, chemical and temper-
ature sensors. To test whether the positive charge is involved in activation and
to explore the function of the S4 segment in TRPV1 activation, we made a
series of single point arginine replacements that scanned residues from E536
through T556 in the S4 and characterized their response to capsaicin, protons
and heat using cut-open oocyte voltage-clamp. We also constructed TRPV1/
Shaker chimeras in which the S1-S4, S3-S4, or S4 segments of the TRPV1
channel were replaced by the corresponding segments of Shaker channels.
The introduction of positively charged residues in the S4 segment resulted in
a steeper activation curve and a defective response to capsaicin and protons.
Importantly, several of the mutant channels displayed strong inhibition of
hyperpolarization-activated inward currents. Three chimeras gave rise to func-
tional channels that exhibited stronger voltage dependence at positive voltages
than TRPV1. The chimeras progressively lost inward current with increasing
portions replaced by the corresponding Shaker region. They were activated
by protons with higher sensitivity compared with TRPV1. These results suggest
that re-established outward rectification was dominant over other gating
stimuli; in other words, keeping the S1-S4 in the ‘‘deactivated’’ state prevented
activation by protons, capsaicin or temperature. In wildtype TRPV1, the S4
seems to inhibit activation by protons.
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Sensing the Electrochemical KD Gradient: The Voltage Gating Mecha-
nism in K2P Potassium Channels
Marcus Schewe1, Ehsan Nematian-Ardestani1, Thomas Linke2,
Klaus Benndorf2, Stephen J. Tucker3, Markus Rapedius1,
Thomas Baukrowitz1.
1Department of Medicine, Institute of Physiology, Kiel, Germany,
2Department of Medicine, Institute of Physiology II, Jena, Germany,
3Department of Physics, Biological Physics Group, Clarendon Laboratory,
Oxford, United Kingdom.
Two-pore domain (K2P) Kþ channels represent a large family of ion channels
that are major regulators of cellular excitability in the body and involved in a
wide range of cellular mechanisms including apoptosis, vasodilatation, anaes-
thesia, pain, neuroprotection and temperature sensing. Many K2P channels are
strongly activated by membrane depolarization, but the mechanisms underly-
ing this voltage-dependent behaviour are unknown. Here we report that
many K2P channels (e.g. TREK-1, TREK-2, TRAAK, TASK-3, TALK-2
and TRESK) are equipped with a gating machinery which directly senses
the electrochemical Kþ gradient and which gates the pore open when the mem-
brane potential is positive to the Kþ reversal potential. These properties couple
voltage activation in K2P channels tightly to the reversal potential in distinc-
tion to classical Kv channels. We show that this sensing mechanism is located
in the selectivity filter (SF), is strongly affected by the permeant ion species
and operates as a check valve that is opened by outward permeation but closed
by inward permeation. This gating behaviour is steeply voltage-dependent sug-
gesting that multiple ions within the SF are moved simultaneously by the elec-
trical field to gate the filter open. These findings highlight a mechanism of
voltage-dependent gating which bypasses the need for electromechanical
coupling to a separate voltage sensing module and is instead powered directly
by the electrochemical gradient. This also further closes the mechanistic gap
between ion channels and transporters because in both cases the electrochem-
ical gradient is used to power a conformational change leading to either an ion
428a Tuesday, February 10, 2015translocation step in the case of a transporter or a pore gating step in K2P
channels.
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Can ClC-2 Chloride Channel be Activated by Hyperpolarization Alone in
Cells Dialyzed with Non-Permeant Anions?
Jose´ J. De Jesu´s-Pe´rez1, Alejandra Castro-Chong1, Ru-Chi Shieh2,
Carmen Y. Herna´ndez-Carballo1, Jose A. De Santiago-Castillo3,
Jorge Arreola1.
1Institute of Physics, Univ. Autonoma de San Luis Potosi, San Luis Potosi,
Mexico, 2Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan,
3ReliaXpert, San Luis Potosi, Mexico.
Open and closing of ion channels is driven by conformational changes trig-
gered by either an intrinsic voltage sensor in voltage-gated channels or by
ligand binding in ligand-gated channels. However, ClC-2, a two pore Cl
channel is activated by hyperpolarisations despite of lacking of an intrinsic
voltage sensor. The structural information available to date strongly suggests
that in the closed conformation each pore of ClC-2 is occluded by the nega-
tively charged side chain of a glutamate residue. Although the gating mecha-
nism is unknown, there is evidence which indicates that intracellular anions
and extracellular protons regulate gating. The present work was aimed to deter-
mine the contribution of pore occupancy caused by intracellular anions in
gating the mouse ClC-2 channel. In our experiments, ClC-2 was readily acti-
vated by hyperpolarisations when permeant anions such Cl, SCN, Br and
I were present on either side of the membrane. However, ClC-2 was not acti-
vated in cells dialyzed with acetate (0 Cl) and exposed to [Hþ]O¼107.3 M.
In contrast, the channels were opened by increasing [Cl]i at [H
þ]O¼1010
M_a condition unlikely to protonate the glutamate’s side chain. Importantly,
voltage gating occurred when F or glutamate were present in the cytosolic
side. Since these two anions are non-permeant we propose that they must enter
the pore and interact with the glutamate side chain from the inside in order to
induce opening. Thus, we propose that a strong hyperpolarisation drives the
intracellular anions into the permeation pathway and the subsequent electro-
static interaction between the anions and the negatively charged side chain
opens the pore. Our data support the hypothesis that voltage-dependent gating
in mouse ClC-2 requires intracellular anions. Supported by grant 219949 from
CONACyT.
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Molecular Basis of Voltage-Dependent Gating in ClC Transporters
Jan-Philipp Machtens1, Matthias Grieschat2, Christoph Fahlke1,
Alexi K. Alekov2.
1Institute of Complex Systems, Zellula¨re Biophysik (ICS-4),
Forschungszentrum Ju¨lich, Ju¨lich, Germany, 2Institut fu¨r Neurophysiologie,
Medizinische Hochschule Hannover, Hannover, Germany.
The CLC family encompasses Cl channels and coupled Cl/Hþ exchangers.
CLC channels and transporters both exhibit voltage-dependent gating, the
physiological importance of which is illustrated by multiple disease-
causing mutations that specifically result in altered voltage sensing. Despite
a large body of available functional and structural data, the molecular
mechanisms underlying voltage gating in CLCs still remain unclear. Using
electrophysiological admittance measurements, we recently decomposed
voltage-dependent activation of the human ClC-5 transporter into multiple
discrete electrogenic transitions (Grieschat M & Alekov AK (2014) Biophys
J 107, L13–L15). A key player of the gating machinery appears to be the so-
called gating glutamate (Gluext; Glu148 in EcClC), which is thought to move
upon changes in voltage. To better understand the basis of voltage-dependent
gating, we conducted molecular dynamics simulations of the bacterial homo-
logue EcClC. Using a double-bilayer system, we applied small ionic concen-
tration gradients across the membrane that resulted in charge imbalances
Dqion and we calculated the resulting potential differences Vm. Analysis of
the dependence of Vm on Dqion for various conformations that differed inCl binding site occupancy and the protonation state of Gluext was used to
determine charge displacements of the transporter along the electric field.
Multiple processes, including protonation and conformational changes of
Gluext, binding of Cl
 ions and refocusing of the electric field triggered by
changes in water accessibility are associated with charge transfer across
the membrane and therefore exhibit intrinsic voltage dependence. We calcu-
lated gating charges that underlie these conformational transitions of the CLC
transporter. Based on these calculations, gating charge recordings and capac-
itance measurements on ClC-5, we propose a molecular description of CLC
voltage sensing which attributes fractional gating charges to these partial re-
actions of the transport cycle.
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Multiphasic Profiles: Discontinuous Transitions in Conductance-Voltage
Data for Ion Channels
Per Nissen.
Norwegian Univ. of Life Sciences, A˚s, Norway.
Multiphasic profiles, a series of straight lines separated by discontinuous tran-
sitions, were first found (Nissen, Annu. Rev. Plant Physiol. 1974) for the
concentration-dependence, plotted in linear transformations of the Michaelis-
Menten equation, for ion uptake in plants. Reanalyses of recently published
data show that conductance-voltage data for ion channels are also well repre-
sented as multiphasic. In contrast, the Boltzmann function and other functions
giving curvilinear profiles must often be rejected for statistical reasons (very
low probabilities by the Runs test that the uneven distribution of points around
the profiles is due to chance). Plots of deviates show that the fits to multiphasic
profiles are usually better than the fits to curvilinear profiles, i.e. that the data
are more precise than apparent from the published plots. As shown by simula-
tion, the better fits to multiphasic profiles are not due to errors (noise) in the
data. Adjacent lines are often parallel. The transitions are then necessarily in
the form of noncontiguities (jumps). Non-parallel lines are also frequently
separated by jumps. Most often, replicate determinations give different multi-
phasic patterns (number of phases, voltages at which the transitions occur). The
use of the averages will then give a meaningless pattern.
Whenever the data are sufficiently detailed and precise, multiphasic profiles are
also found for a variety of other processes and systems, biological as well as
nonbiological: 1) pH profiles, including profiles for non-enzymatic model sys-
tems. 2) Binding as determined by fluorescence anisotropy titration or
isothermal titration calorimetry (ITC). 3) Folding and unfolding of proteins.
Implications for the opening and closing of single biological channels will be
discussed.
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A Highly Cooperative and Steeply Voltage Gated Channel Triplet
Shang H. Lin1, Benjamin Wu2, Marco Colombini2.
1University of Maryland, College Park, Greenbelt, MD, USA, 2University of
Maryland, College Park, College Park, MD, USA.
When reconstituted into planar phospholipid membranes, a 4.5nS (in 1M KCl)
membrane channel complex behaves as if it is composed of three channels that
are operating in a highly cooperative manner. The channels are steeply voltage-
gated (e-fold for 1.8 mV) and well-organized. In the5 70mV range, no voltage
gating takes place until the first channel, channel 1, closes at high positive po-
tentials (>70 mV). Only following this closure does channel 2 begin to gate in
response changes in voltage. For channel 2, closure takes place at low negative
potentials (typically 25 to 30 mV). It is only when channel 2 is closed that
channel 3 closes routinely but does so at low positive potentials (typically
25-30 mV). Simultaneous reopening of channels 2 and 3 is common, demon-
strating especially high cooperativity. These and other remarkable properties
support a working model for the gating and cooperativity of these channels.
The highlights include anti-parallel orientation of the channels and the voltage
sensor dipole being responsible both for voltage gating and cooperativity. (Sup-
ported by NSF grant MCB-1023008)
